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The multi-excitonic decay process in a single InAs quantum dot is studied through high-resolution
time-resolved spectroscopy. A cascaded emission sequence involving three spectral lines is seen that is
described well over a wide range of pump powers by a simple model. The measured biexcitonic decay
rate is about 1.5 times the single-exciton decay rate. This ratio suggests the presence of selection
rules, as well as a significant effect of the Coulomb interaction on the biexcitonic wavefunction.
PACS numbers: 78.47.+p, 42.50.Ct, 73.22.-f, 78.67.Hc
Electrostatic interactions play an important role in
the energy structures of semiconductor quantum dots1
containing multiple particles. Although these interac-
tions are usually treated as small perturbations to the
single-particle wavefunctions, they lead to significant en-
ergy shifts that have been measured.2–5 These effects of-
fer possibilities for new quantum-optical devices such as
single-photon sources,6,7 entangled photon sources,8 and
perhaps even a method to implement quantum logic.9
Single-exciton and multi-exciton states, generated by
adding electron-hole pairs to a dot, are of special interest
for optical experiments. They are ideally the only states
that can be generated through resonant optical excita-
tion of quantum-dot transitions, and they also appear
to be the states most commonly seen in above-band ex-
citation experiments. Identification of individual multi-
excitonic emission lines was originally based on the de-
pendence of the emission intensity on the laser excita-
tion power. More recently, time-resolved measurements
on single quantum dots have become possible,10–12 and
measurements of biexcitonic emission from single CdSe
dots13 and multi-excitonic emission from ensembles of
CdSe and CuCl nanocrystals14,15 and single InAs dots16
have been performed.
Here, we report high-resolution time-resolved mea-
surements on a single InAs dot using a streak camera
system. After identifying the single-exciton and multi-
exciton emission lines, we measure their decay rates, and
find that the ratio of the one-exciton and biexciton decay
rates is about 1:1.5. This is closer to the ratio expected
for independent exciton recombination (1:2) than ratios
reported for other material systems.13–15 This result sug-
gests the presence of strong selection rules, as well as a
significant effect of the Coulomb interaction on the wave-
functions of multi-exciton states. We finally show that
the data may be fit well over a wide range of excitation
powers using a simple model.
The InAs self-assembled quantum dots used in this
study were grown by molecular beam epitaxy at a high
temperature (520◦C) to increase alloying between the
InAs and the surrounding GaAs, yielding ground-state
emission wavelengths in the range of 860-900 nm. The
potential wells of the dots are thus rather shallow, and
even the first excited states are close in energy to the
wetting layer. The dots are approximately 30 nm wide,
with a density of about 11µm−2. Small mesas (200 or
400 nm diameter) were then fabricated by electron-beam
lithography and plasma etching to isolate single dots.
Mesas containing exactly one dot were identified through
their optical emission spectra. The spectra shown in
Fig. 1(a),(b) were obtained from two mesas (mesas A
and B, respectively) that have similar emission patterns,
under continuous-wave (CW) excitation above the GaAs
bandgap (655 nm excitation wavelength). We identify the
lines labeled 1 and 2 as one-exciton and two-exciton emis-
sion, since their dependences on excitation power are lin-
ear and quadratic, respectively, and since photon corre-
lation measurements have confirmed their link. The lines
labeled 1′ and 1′′ have linear pump power dependence,
but are identified as charged-state17 emission, since they
disappear under excitation resonant with a higher energy
level in the dot, as is seen in Fig. 1(c).
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FIG. 1. Emission spectra of (a) mesa A and (b) mesa B
under CW, above-band (655 nm) excitation, and (c) of mesa
A under CW, resonant (858 nm) excitation. Lines 1 and 2 are
one- and two-exciton emission, respectively, while lines 1′ and
1′′ are believed to be charged-exciton emission.
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Single mesas at a temperature of 5K were excited from
a steep angle (54◦ from normal) by 3 ps pulses every 13 ns
from a Ti-sapphire laser, focused down to an 18µm effec-
tive spot diameter. The resulting emission was collected
by an NA = 0.5 aspheric lens, spectrally filtered to re-
ject scattered laser light, and imaged onto a removable
pinhole, which selected emission from a 5µm region of
the sample. The emission was then sent to an align-
ment camera, a spectrometer, or a streak camera sys-
tem, which included a monochrometer that determined
both the spectral (0.13 nm) and temporal (25 ps) reso-
lutions. The streak camera recorded the emission fol-
lowing the excitation pulses, averaged over about 5 min-
utes (2.3 × 1010 pulses). The resulting images were cor-
rected for dark current, non-uniform sensitivity, and a
small number of cosmic ray events.
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FIG. 2. Streak camera images of emission from mesa A
under pulsed, 708 nm laser excitation with powers (a) 27 µW,
(b) 108 µW, and (c) 432 µW. For larger powers, a cascaded
emission is seen, with the multi-excitonic emission (lines 2, 3)
occurring first, followed by one-exciton emission (line 1).
Images obtained under above-band (708 nm), pulsed
laser excitation of mesa A with three different excita-
tion powers are shown in Fig. 2. The observed emis-
sion lines are labeled as in Fig. 1. Figure 2(a) shows
that under weak excitation (27µW), the single-exciton
line (line 1) appears less than 0.1 ns after the excitation
pulse, and then decays exponentially. We attribute the
small initial delay to the time required for electrons and
holes generated by the excitation pulse to be captured
by the dot. However, when the excitation power is in-
creased to 108µW, Fig. 2(b) shows that line 1 reaches
its maximum only after a delay of about 0.5 ns. Most
of the emission immediately after the excitation pulse
now comes from the multi-exciton lines 2 and 3. In this
case, the laser pulse initially creates several electron-hole
pairs, and some time is required before the population
in the dot reduces to one electron-hole pair, after which
one-exciton emission occurs. Under strong excitation
(432µW), one can see from Fig. 2(c) that the delay in
the one-exciton emission is even longer, and a delay also
appears for lines 2 and 3. Only the broadband emission
in the vicinity of the multi-exciton lines is seen to appear
immediately after the excitation pulse.
The multi-excitonic decay process may be described by
the following rate equation:
d
dt
Pn(t) = γn+1Pn+1(t)− γnPn(t) , (1)
where Pn(t) is the probability that n electron-hole pairs
exist in the dot at time t, and γn is the decay rate of
the n-pair state. The creation of charged dot states is
not considered here. Instead, we apply this model only
to neutral-dot outcomes following an excitation pulse by
excluding emission lines 1′ and 1′′ from the analysis, and
noting that radiative decay beginning with a neutral state
cannot generate charged states. The form of γn depends
strongly on the nature of the states of the system. For
an uncorrelated system with no recombination selection
rules, one might expect γn = n
2γ1. For a dot much
smaller than the exciton Bohr radius, the Coulomb in-
teraction has little effect on the wavefunctions of multi-
exciton states, and due to selection rules one expects ap-
proximately independent recombination, γn = nγ1. For
a larger dot, it has been predicted that the Coulomb in-
teraction produces a spatial separation between holes in
multi-exciton states, so that, for example, the biexciton
state resembles a molecule13,18. In this case, one expects
γn < nγ1, and this has been observed for CdSe quantum
dots.13
The decay rates γn in Eq. 1 can be measured directly
from the time-dependent intensities of the lines corre-
sponding to Pn(t), when Pn(t) ≫ Pn+1(t). To perform
this measurement as accurately as possible, we tuned the
excitation laser to a resonance at about 858 nm, as in
Fig. 1(c), creating electron-hole pairs directly inside the
dot, which rapidly relax to a lowest-energy state. This
way, the delayed capture of electrons and holes, which
can alter the apparent decay rates, does not occur, as it
could in the above-band excitation case. The excitation
power (about 2mW) was chosen so that multi-exciton
states were created with significant probability. The in-
tensities of lines 1, 2, and 3 were calculated in a straight-
forward manner, by integrating the streak camera image
over strips about 0.2 nm wide, defined to include all of
the emission from each line. Lines 2 and 3 were not
completely resolved, and the integration boundary was
placed midway between them. A further concern for the
multi-exciton lines 2 and 3 is that any weak background
emission related to the one-exciton or charged-exciton
states having a slower decay will cause significant distor-
tion at large t, which is where we must measure the decay
rates. With these cautions in mind, Fig. 3(a) shows the
time-dependent intensities of lines 1, 2, and 3 under res-
onant excitation and a 60-minute integration, plotted on
a semi-logarithmic scale. The slopes are estimated over
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the indicated regions by least-squares exponential fits.
The time constants obtained are 0.479 ns, 0.316 ns, and
0.248 ns, respectively. The one-exciton (line 1) lifetime
seen here is close to the value of 0.47 ns we have measured
with weaker excitation powers. We obtain γ2 = 1.52γ1,
a result in between the small-dot limit (γ2 = 2γ1) and
what has been reported for CdSe dots (γ2 ≈ γ1).
13 This
is consistent with the presence of selection rules and a de-
parture from the small-dot limit, due to the influence of
the Coulomb interaction on the multi-exciton wavefunc-
tions. Line 3 is likely due to emission from the 3-exciton
state, since its wavelength relative to the one-exciton and
biexciton lines is similar to what has been reported else-
where for the 3-exciton line,19 and this identification is
made plausible here by its time dependence. With this
assumption, we obtain γ3 = 1.93γ1.
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FIG. 3. (a) Time-dependent intensities of lines 1 (black),
2 (dark gray), and 3 (light gray) from mesa A under pulsed,
resonant (858 nm, 2mW) laser excitation. Exponential fits
are applied after sufficient decay has occurred to estimate
the decay times. (b) Time-dependent intensities under
above-band (708 nm, 54µW) excitation, compared to three
models: γn = nγ1 (hollow lines), measured decay rates (hol-
low, dashed), and γn = n
2
γ1 (solid).
We now wish to model the multi-excitonic decay pro-
cess under above-band excitation over a wide range of
excitation powers, to show that the behavior of lines 1,
2, and 3 is consistent with a cascaded decay. We assume
that photons from the laser excitation pulse are absorbed
independently by the GaAs surrounding the dot to form
electron-hole pairs, and that these pairs are then indepen-
dently captured by the dot, so that the initial population
of the dot follows a Poisson distribution with mean µ.
The dot then decays according to Eq. 1, and we assume
that the observed intensity from the n-exciton state is
In = γnI0Pn, where I0 includes the collection efficiency.
We make this assumption for simplicity, though it does
not take into account the presence of multiple emission
lines for n > 2. Fig. 3(b) shows the time-dependent in-
tensities of lines 1, 2, and 3 under above-band (708 nm,
54mW) excitation, along with three models, each simul-
taneously fit to lines 1 and 2. The predicted 3-exciton
behavior is also shown, in comparison to line 3.
In the first model (hollow lines), we assume indepen-
dent recombination, γn = nγ1. Although this assump-
tion differs substantially from the measured rates, its
simplicity is appealing. The resulting time-dependent
probabilities have the simple form of a Poisson distribu-
tion with exponentially decaying mean:
Pn(t) = (µe
−γ1t)n exp(−µe−γ1t)/n! , (2)
where µ is again the mean initial exciton number. This
model is also well suited to handle an additional com-
plication noticeable in the data. For above-band excita-
tion, a finite time is required for the dot to capture the
excitons generated by the laser pulse, with some recom-
bination occurring during this time. But since, in this
model, the excitons are both generated and annihilated
independently, a Poisson distribution always holds, and it
is sufficient to wait until the capture process has finished
(0.2 ns) to begin fitting the data to Eq. 2. In the second
model (hollow, dashed lines), Eq. 1 is solved numerically,
using the measured decay rates and assuming a Poisson
distribution, beginning at 0.2 ns. The rates γn for n > 3
had to be extrapolated from the trend seen for n ≤ 3, but
have little effect on the result for this excitation power.
In the third model (thin solid lines), Eq. 1 is solved nu-
merically assuming γn = n
2γ1, as one would expect with
no recombination selection rules. For all three models,
only two fitting parameters are used, the initial mean
number of excitons µ, and the collection efficiency con-
stant, I0. From these two fitting parameters, all three
curves (one-exciton, biexciton, 3-exciton) are obtained
simultaneously. Two of these cascaded decay models,
the model with independent exciton decay (γn = nγ1)
and the model using measured decay rates, fit the data
reasonably well (mean squared errors 8.2 × 10−4 and
9.4 × 10−4, respectively). The other model (γn = n
2γ1)
fits the data poorly (mean squared error 4.4× 10−3).
To demonstrate that lines 1, 2, and 3 are well described
by a cascaded emission process, we fit the simplest model
(γn = nγ1) to the data for four different pump powers
in Fig. 4. The value of γ1 was fixed at (0.47 ns)
−1, and
the obtained values of the fitting parameters I0 and µ are
shown. The value of µ increases linearly with excitation
power at first, and then begins to saturate. Ideally, I0
should be the same for each streak camera image, but in
our case, we had to fit it separately for each image due
largely to spatial sample drift and streak-camera gain
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drift. The fit was performed to minimize the combined
errors for lines 1 and 2. For all three lines, the simple
model provides excellent agreement with the data in the
weak, moderate, and strong-excitation cases, supporting
the presence of a multi-excitonic decay sequence involv-
ing these lines.
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FIG. 4. Time-dependent intensities of lines 1 (black), 2
(dark gray), and 3 (light gray) from mesa A under pulsed,
708nm laser excitation with powers (a) 27 µW, (b) 54 µW,
(c) 108 µW, and (d) 432 µW. Hollow lines show model fit
results, and fit parameters are given at upper-right.
In summary, we have observed multi-excitonic decay
spectra from a single quantum dot using a streak camera,
providing high temporal resolution. We have measured
the decay rates of several lines, and found that the biex-
citon decay rate is about 1.5 times the one-exciton decay
rate, suggesting strong recombination selection rules and
a significant influence of the Coulomb interaction on the
multi-exciton wavefunctions. We then showed that, un-
der above-band excitation, the time dependence of the
emission lines is well described over a wide range of exci-
tation powers by a simple model for cascaded emission.
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